Purpose: The purpose of our study was to prospectively evaluate the diagnostic performance of the vascular index (VI, defined as the ratio of Doppler signal pixels to pixels in the total lesion) measured via Smart 3-D superb microvascular imaging (SMI) for breast lesions. Patients and methods: Two hundred and thirty-two consecutive patients with 236 breast lesions referred for biopsy at Peking Union Medical College Hospital were enrolled in the study from December 2016 to November 2017. Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV) and accuracy of VI were calculated with histopathologic results as the reference standard. Results: Of the 236 breast lesions, 121 were malignant and 115 were benign. The mean VI was significantly higher in malignant lesions (9.7±8.2) than that in benign ones (3.4±3.3) (P<0.0001). Sensitivity, specificity, PPV, NPV and accuracy of VI (4.0 as the threshold) were respectively: 76.0%, 66.1%, 70.2%, 72.4% and 71.2% (P<0.05). Conclusion: Smart three-dimensional (3-D) SMI is a noninvasive tool using twodimensional (2-D) scanning to generate 3-D vascular architecture with a high-resolution image of micro-vessels. This can be used as a qualitative guide to identify the optimal 2-D SMI plane with the most abundant vasculature to guide VI quantitative measurements of breast lesions. Smart 3-D SMI may potentially serve as a noninvasive tool to accurately characterize benign versus malignant breast lesions.
Introduction
Angiogenesis plays a crucial role in the progression of tumor growth and metastasis. 1, 2 Malignant tumors tend to show increased vascularization. Therefore, a variety of imaging modalities were used to analyze tumor-associated vasculature.
Color or power Doppler ultrasound (US) is widely applied to evaluate tumor angiogenesis in breast cancer. Feeding vessels are generated to sustain the growth of cancer; high-grade high-cellular tumors usually have abundant vasculature, while low-grade tumors or tumors with central necrosis may have no demonstrable vascularization on Doppler US. 3 In addition, the fine vessels of breast lesions may not be detected by color or power Doppler US because of the low velocity and artifacts. [4] [5] [6] Contrast-enhanced MRI could identify breast tumor properties, but MRI contrast agents do not remain entirely within the intravascular space; rather, a considerable portion is distributed into the surrounding extracellular spaces, which may interfere with the evaluation of the vasculature. 7 In addition, contrast-enhanced MRI is contraindicated in certain patients, including those with pacemakers, renal impairment and others. With the advent of US contrast agents, several clinical studies have reported promising results using contrast-enhanced ultrasound (CEUS) in the breast cancer diagnosis. [8] [9] [10] CEUS can identify slow and low-volume blood flow inside tumors from 20 to 39 μm in diameter; 6 US contrast agents remain solely intravascular, enabling direct evaluation of the vasculature; however, CEUS is an imaging modality that requires an interventional procedure, injection of a contrast medium. Superb microvascular imaging (SMI) technology is an innovative Doppler vascular imaging technique, which uses an adaptive algorithm to highlight subtle and dismiss flow signals from tissue motion artifacts. Blood flow and motion artifacts (clutters) are simultaneously produced by US imaging. The new adaptive algorithm isolates and removes clutters while preserving the underlying hemodynamic flow information. SMI mode can visualize lowvelocity flow with excellent resolution, outstanding frame rate and minimal flash artifacts. Low-speed flow is displayed more clearly with SMI in detail than color or power Doppler imaging. 11, 12 Furthermore, SMI is a noninvasive modality with no contraindications. It does not require an injection of a contrast agent or MRI scanning. Initial experiences of SMI in breast lesions have suggested that SMI is more sensitive to blood flow signals in breast lesions than color Doppler or power Doppler US. 13, 14 This modality also displays more penetrating vessels in avascular breast lesions compared to color Doppler imaging. 15 Several similar techniques such as micro-flow imaging (MFI) and Micro V had been reported. 16 The noncontrast MFI and micro V are the latest technologies, which employ an advanced algorithm and can efficiently distinguish the Doppler signals derived from tissue movement and blood flow; they are capable of detecting very small vessels and slow flows without the use of contrast agent. However, SMI, MFI and Micro V are semiquantitative methods to evaluate the richness of the blood flow.
They cannot be used to quantitatively assess the vasculature.
The recently introduced Smart 3-D SMI can reconstruct three-dimensional (3-D) images from twodimensional (2-D) images scanning with a linear array probe. It can be used to visualize the blood flow pattern of low-velocity flow in 3-D mode and quantitatively assess tumor vascularity via measuring vascularity index (VI) on 2-D SMI images obtained with the qualitative guidance of 3-D SMI images. To our knowledge, there have been no reports on VI measured using Smart 3-D SMI technology to assess breast vasculature to differentiate breast lesions. The aim of our study was to evaluate the diagnostic performance of the VI measured via Smart 3-D SMI for breast lesions.
Material and methods Patients
The Ethics Committee of Peking Union Medical College Hospital approved the prospective study, and all patients provided written informed consent for the study. From December 2016 to November 2017, 232 consecutive female patients (mean age 44.9±12.5 years, range 19-65 years,) with 236 breast lesions on US were included in the study. The reasons of patients' seeking medical care included (1) self-discovered breast mass; (2) breast masses by US screening or mammography; (3) nipple discharge with breast masses on US; (4) chest wall mass recurrence after breast cancer surgery. The exclusion criteria were as follows: (1) lesions larger than the probe, because the US parameter would be shielded. (2) Patients who had undergone a previous breast biopsy or surgery, because minimal vessel injury may have altered the blood supply to the targeted lesion. (3)Pregnant women were excluded because breast parenchymal changes can also alter the blood supply to the targeted lesion. All patients underwent excision biopsy and were histopathologically examined.
Smart 3-D SMI
All lesions were detected using the US Aplio 500 (L14-5, Aplio 500; Toshiba Medical Systems, Tokyo, Japan) which can perform Smart 3-D examination. SMI examination was performed using color mode. The parameters of the Smart 3-D SMI were set to a low-velocity range (1.2-1.6 cm/s) to visualize extremely low-velocity flow with good resolution and a high frame rate with minimal flash artifacts (frame rate, 25-30/s; pulse repetition frequency, 15.4-20.2 kHz). The range of depth was adjusted to 2.5-4 cm according to lesion size, and the detectable width of the linear probe was 6 cm. 
Statistical analysis
Continuous variables were expressed by mean ± SD. Student's t-test was used to compare the difference of quantitative data and chi-square test for count data. Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV) and accuracy of VI were calculated using receiver operating characteristics (ROC) curve with histopathologic diagnosis as the reference standard. Youden index was used to determine the threshold of VI in diagnosing benign and malignant breast lesions. Area under ROC curves were calculated. Twotailed P-values less than 0.05 were statistically significant. SPSS 18.0 software (version 20; SPSS Inc., Chicago, IL, USA) was used for all statistic analysis.
Results
All 236 lesions were confirmed by pathology; 121 lesions in 119 women (mean age 51.6±12.8years, range 23-83 years) were malignant and 115 lesions in 113 women (mean age 41.5±12.0 years, range 19-78 years) were benign ( Table 1 ). The mean age of patients in the malignant group were older than the benign group (t=−6.275, P<0.001). Average size of the malignant lesions (2.8 ±1.8 cm, range 0.5-11.7 cm) was significantly larger than the benign lesions (1.8±1.2 cm, range 0.3-7.9 cm) (t=−5.300, P<0.001). The VI distributions for the 236 malignant and benign lesions are shown in Figure 1 . The mean VI was significantly higher in malignant (mean VI 9.7±8.2, range 0-48) versus benign breast lesions (mean VI 3.4±3.3, range 0-15.9) (t=−7.810, P<0.001) (Figure 2) .
ROC curve was applied to identify the maximum value of sensitivity and specificity. Using a VI of 4.0 (Table 2) as the threshold value to identify malignant lesions from benign lesions yielded the sensitivity 76.0%, the specificity 66.1%, the PPV 70.2%, the NPV 72.4% and the AUC 0.776 (0.72~0.83). The first to third quartile interval of VI for benign breast lesions was 4.9 (range 0.5-5.4) and 9.8 (range 4.1-13.9) for malignant ones.
Among all the lesions, there were 39 (33.9%, 39/115) benign lesions with VI higher than 4.0 and 29 (24.0%, 29/ 121) malignant lesions with VI less than 4.0 (Table 3) . The most common pathologic types of false positives with VI were fibroadenoma (14/39, 36%); intraductal papilloma (2/ 39, 31%) and adenosis (8/39, 21%); the most common pathologic type of false negatives with VI was infiltrating ductal carcinoma (16/29, 55%) and the subtypes were 10 Luminal B (HER2-positive), three HER2-positive, two Luminal A and one triple-negative.
Discussion
Breast cancer is the major cause of cancer death among females worldwide. 17 US is a convenient procedure for examining breast lesions, particularly those in dense breasts, and is a suitable modality for repeated examinations. Gray-scale Figure 3 ) significantly exceed those in benign breast lesions ( Figure 4 ) are consistent with previous reports using Doppler US and SMI technology. 20, 22 Using pathology as the reference standard, a cutoff value of 4.0 of VI was applied to reflect the benign versus malignant diagnosis for breast lesions with ideal efficacy. In our study, the vascular VI values of benign lesions that overlapped with VI values of malignant breast lesions were fibroadenoma, intraductal papilloma and adenosis. These benign breast neoplasms have a rich vascularity with a higher proportion of tumor cells and stroma or adenosis.
Malignant breast tumors are heterogeneous. Some breast carcinomas had relatively little vasculature. Tumor growth is angiogenesis-dependent 23 and angiogenesis in breast cancer has been reported to be heterogeneous and highly distorted. 24 Some tumor regions may have an abundant blood supply, while others not. 25 Boetes et al con-
firmed that some avascular tumors such as invasive cancers and ductal carcinoma in situ have low blood perfusion on MRI. 26 Immunohistochemical analysis confirmed a decreased microvessel density at the centers of the malignant breast tumors, which was consistent with the contrastenhanced sonographic findings showing decreased perfusion and even a perfusion defect at the centers. 27 In our study, the VI of malignant breast lesions had a wider distribution interval than that of benign lesions, indicating that angiogenesis can be heterogeneous in malignant tumors. In addition, certain cancers with sclerotic tumor stroma with a hard texture can appear to lack internal vascularity on color Doppler US. 28 Our study has some limitations. First, 3-D reconstruction based on the acquisition of 2-D data is operator-dependent. The sonographer must maintain a steady speed and pressure during the examination in order to avoid distortion of the Smart 3-D SMI images. Second, this preliminary study evaluated the performance of VI measured by SMI for breast lesions. Comparison of VI with microvessel density count on histology slices could be assessed in further work.
Conclusion
Smart 3-D SMI is a noninvasive tool using 2-D scanning to generate 3-D vascular architecture with a highresolution image of micro-vessels. This can be used as a qualitative guide to identify the optimal 2-D SMI plane with the most abundant vasculature to guide VI quantitative measurements of breast lesions. Smart 3-D SMI may potentially serve as a noninvasive tool to accurately characterize benign versus malignant breast lesions.
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